










































































Velha  (Coimbra,  Portugal),  foram  caracterizados  através  de  microssonda  electrónica,  microscopia 





alumina e  sílica  foram  identificadas quatro  fontes distintas de  sílica, o que permitiu  a  classificação 





























A  set of  ten Millefiori  glass  fragments dating  from the 17th  century, originated  from archaeological 
excavations  carried  out  at  the  Monastery  of  Sta.  Clara‐a‐Velha  (Coimbra,  Portugal)  were 
characterized  by  X‐ray  electron  probe  micro‐analysis  (EPMA),  Raman  microscopy  and  UV‐Visible 
absorption  spectroscopy.  All  glasses  are  of  soda‐lime‐silica  type.  The  use  of  coastal  plant  ash  is 
suggested by the relatively high content of MgO, K2O and P2O5, as well as by the presence of chlorine.  
Tin oxide or calcium antimonate were  the opacifiers used  in  the white glasses, cobalt  is present  in 
the blue glasses, copper in the turquoise, iron in the yellow and greenish, and iron and copper were 
found in the opaque red and aventurine glasses. Based on the concentrations of alumina and silica 
four  different  sources  of  silica  were  identified,  allowing  the  classification  of  the  glasses  in  the 
following compositional groups: low alumina (< 2 wt%),  low alumina – cristallo (< 2 wt% and SiO2 > 
70 wt%) medium alumina  (2  ‐  3 wt%),  high  alumina  (3  ‐  6 wt%)  and  very high  alumina  (>  6 wt%). 
Comparison with  genuine Venetian  and  façon‐de‐Venise  compositions  showed  that  two  fragments 







































4.  Conclusions ................................................................................................................................... 25 










































Table 3.2:  Calculated  composition of  the base  glass of  the  coloured  samples,  in weight percent of 
oxides.................................................................................................................................................... 16 




































derive  mainly  from  the  last  50  years  of  the  Monastery’s  existence,  that  is,  the  second  and  third 
quarters of  the 17th century.  [1‐2] A  large number of glass  fragments was collected, most of  them 
very  well  preserved.  Preliminary  studies  on  the  glass  finds  have  already  been  published,  and  the 
chemical characterisation of a few glass fragments by micro‐EDXRF was also performed. [3‐4] 
1.1 The analyzed glass fragments  

































stylistic  features.  The  first  group  includes  fragments  V  68,  V  66,  V  108,  SCV  174  and  SCV  175 
decorated  with  multicoloured  rods.  This  type  of Millefiori  glass  is  well  known,  primarily  because 
there  are  many  well  preserved  objects  in  museum  collections.  The  majority  of  these  objects  are 
considered of Venetian production and dated between the end of the 15th and the beginning of the 
17th century. [5] Others are supposed to be of Spanish origin, Catalan or Castilian as well.  [6] Some 
archaeological  information  is  available  [7],  showing  not  only  the  wide  distribution  of  this  latter 
category but also that during the 17th century Millefiori glass was produced in Amsterdam. [8] 




abundant  among  the  17th  century  archaeological  glass  found  in  Portugal,  showing  some  peculiar 
features: the body is usually made of coloured glass, in a range of yellows, greens or blues sometime 
with  an  intense  tinge,  and  are  decorated with  opaque  glass  flecks  of  a  limited  palette  of  colours, 







In  recent  years,  there  was  a  growing  interest  on  glasses  originating  from  Portuguese  excavations 




originating  from  the  Monastery  of  Sta.  Clara‐a‐Velha  based  on  the  chemical  composition  of  the 
various glasses. In a first step, the type of glass, as well as colourants and opacifiers added, used both 
in  the  body  and  decoration,  will  be  identified.  An  attempt  will  also  be  made  to  distinguish 
compositional groups among the analyzed glasses and of establishing relations between the chemical 
compositions  and  the  raw  materials  used.  In  a  second  part,  the  resulting  compositions  will  be 
compared with those from Venetian and façon‐de‐Venise glasses in order to determine the possible 
manufacture locations for the Millefiori glasses. 





The  style  of  Venetian  glass,  allied  to  its  high  quality  and  technique,  was  greatly  admired  all  over 
Europe, becoming so successful that rapidly Venetian designs started to be widely imitated by other 
European glasshouses. The imitation of Venetian style started in the second half of the 16th century, 
when  some  glassmakers  escaped  from Murano  to  set  up  glasshouses  in  other  countries,  such  as 
France, England, Low Countries (Belgium and Netherlands), Spain and Slovenia. [5][12‐16] 
Consequently, the same production methods, forms and decoration techniques were used in Venice 
and  in  these glasshouses and  it  is  still  difficult  to distinguish with  the naked eye genuine Venetian 
glass from the so called façon‐de‐Venise production. [10][14] 
In Portugal, historical documents report the production of glass since the 15th century and in the 17th 
century  several  production  centres  were  already  active,  including  one  in  Coimbra.  [17] 
Unfortunately, there is not yet archaeological evidence of these glasshouses. 
Several studies have been made on Venetian and façon‐de‐Venise glasses, primarily with the aim of 




The nature of  the  raw materials used  (e.g.  sand vs. quartz pebbles),  the purification  treatments  to 
which  some  of  these materials  were  subjected  prior  to  use  (e.g.  of  the  plant  ash)  and  the  batch 
formulation  are  the  main  factors  influencing  the  chemical  composition.  In  some  cases  the 
compositions are so similar that the distinction of manufacture locations was possible only through 
the analysis of trace elements. [15‐16] 
The  17th  century  Venetian  clear  glass  can  be  classified  into  three  groups:  vetro  comune  (ordinary 
glass, slightly coloured), vitrum blanchum  (intermediate glass, colourless) and cristallo, all the three 
of soda‐lime‐silica type. Cristallo was the finest glass produced by the Muranese glassmakers; it was 
completely  clear,  free  of  defects  and  with  high  light  transmittance,  comparable  to  natural  rock 
crystal. [10]  In the making of cristallo, quartz pebbles of very high purity were used as silica source 
and  purified  plant  ashes  as  the  source  of  fluxing  agents.  The  purification  procedure  reduced  the 




on  the  published  data  on  Venetian  and  façon‐de‐Venise  glass  [10][14][18][21]  which  average 
compositions are  summarized  in Table 1.2,  some  relevant  conclusions  for  this work  can be drawn. 
With  respect  to  the  silica  source,  the  content  of  Al2O3  in  Venetian  glass  is  always  below  2  wt% 
(usually, below 1 wt% for cristallo) and that of Fe2O3  is either below 0.5 wt%,  in cristallo or vitrum 
blanchum  glass,  or below 1 wt% on  common glass.  The  low amount of  these oxides  in cristallo  or 
vitrum  blanchum  glass  is  related  also  with  the  use  of  high  purity  quartz  pebbles.  [10]  Regarding 
façon‐de‐Venise glass, which designates here all non Venetian glasses, independently on the authors 
classification, the amount of Al2O3 is generally also below 2 wt%, except for the productions classified 
by  Cagno  et  al.  as  “Tuscany  Barilla”  and  “Tuscany  Levantine”.  These  façon‐de‐Venise  glasses 




contents  between  1.5  and  4 wt% whereas  Barilla  ash  is  usually  related  to  glasses with  K2O  levels 
above 5 wt%. This is a quite questionable interpretation, as there are other sources of K2O indicated 
in medieval recipe books, such as tartar (a deposit of wine barrels, which after firing gives potassium 
carbonate)  to be added  to  a  soda‐lime‐silica batch.  In  a previous paper  [14][19]  the  same authors 
considered  that  the  Spanish  II  glasses,  with  an  average  content  of  K2O  of  3.48  ±  0.49  wt%,  were 
produced with Barilla ash; however, these concentrations, accordingly with them, are in agreement 




The  compositions of  the  French and  Slovenian  glasses were not  included  in  this  table.  The  former 
because  it  is not clear which glasses were  imported from Venice and which were  locally made and 
the  later  because  as  far  as  we  know  major  compositions  are  not  available  (distinction  between 
Venetian and Slovenian glasses was only possible through trace elements content). 
It  should  be  stressed  out  that  the  attribution  of  provenance  based  on  chemical  composition  has 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































           
                                                                                 
                                                                                 
                                                                                 

































































































































































































Small  samples  of  few mm2  were  removed  by  dry  cutting  the  fragments  with  a  diamond  file.  The 
samples were embedded  in cross‐section  in an acrylic  resin and polished with abrasive papers and 
pastes down to 0.5 µm grain size. The chemical composition of glasses, of both body and decoration, 
was  determined by  X‐ray  electron probe micro‐analysis  (EPMA)  using  two different  equipments:  a 
Cameca  SX‐50  micro‐analyzer  equipped  with  three  wavelength‐dispersive  spectrometers  (PET,  LiF 
and  TAP  crystals),  from  Stazione  Sperimentale  del  Vetro,  and  a  Jeol  JXA‐8500F  micro‐analyzer 
equipped  with  five  wavelength‐dispersive  spectrometers  (PET,  LiF  and  TAP,  LDE1  crystals)  from 
Laboratório  Nacional  de  Engenharia  e  Geologia.  The  operating  conditions  used  in  the  first 
microprobe were: accelerating potential 15 kV, beam current 20 nA (major and minor components) 
or 100 nA (trace elements), respectively. A 40x50 µm scanning electron beam and limited counting 











and  Raman microscopy,  to  aid  in  the  identification  of  the  crystalline  phases,  i.e.  of  the  opacifying 





The  UV‐Visible  absorption  spectra  were  measured  with  an  Avantes  AvaSpec‐2048  fibre  optic 
spectrometer. It is a fibre optic spectrometer with a 300 lines/mm grating. The operational range is 










from  EPMA  analysis,  named  hereafter  as  compositions  of  the  “coloured  glasses”  (Table  3.1).  The 




colourants  and/or  opacifiers,  and  thus  an  erroneous  distinction  of  compositional  groups,  the 
composition  of  the  base  glass  was  obtained  by  subtracting  to  the  composition  of  the  “coloured 
glasses” the content of colourants, decolourants and opacifiers and then normalizing  it to 100 wt% 
(Table 3.2). The concentration of  the  iron oxide  in  the blue and opaque red glasses was estimated 
having in mind the concentration of this oxide in the other glasses, in which iron is part of the base 
glass  composition. However,  these estimated values of  the order of 1 % do not  influence  the  final 
conclusions. 
In  this  chapter,  the nature of  colourants, decolourants  and opacifiers used  in  the Millefiori  glasses 
(section 3.1) will be considered in first place, followed by a discussion on the raw materials used and 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fragment  Colour of glass  Area  SiO2  Al2O3  Na2O  K2O  CaO  MgO  SO3  P2O5  Cl  TiO2  Fe2O3 
SCV 171  Turquoise blue  Transp.  Body  67.6  1.45  16.4  2.88  6.92  2.59  0.27  0.25  0.89    0.71 
SCV 171  Red  Op.  Decoration  65.9  1.43  15.1  2.59  9.37  3.62  0.21  0.31  0.83    0.68 
SCV 171  White   Op.  Decoration  68.5  0.85  14.6  2.39  8.04  3.46  0.13  0.30  0.97    0.74 
SCV 173  Bluish white  Op.  Body  67.3  1.31  14.8  3.41  8.73  3.16    0.26      1.04 
SCV 173  Aventurine  Transp.  Decoration  64.9  2.50  15.5  3.42  9.01  3.18    0.37      1.10 
SCV 173  Blue  Transp.  Decoration  74.5  1.83  14.4  3.03  3.78  1.29    0.07      1.14 
SCV 174  Red  Op.  Body  61.7  4.84  16.8  2.60  7.57  4.24  0.14  0.42  0.92  0.20  0.67 
SCV 174  Blue  Transp.  Decoration  61.2  3.25  18.7  3.13  7.98  3.36  0.13  0.40  1.09  0.10  0.62 
SCV 174   Red  Op.  Decoration  61.8  4.10  16.9  2.54  7.98  4.24  0.11  0.47  1.05  0.17  0.64 
SCV 174  White  Op.  Decoration  61.6  4.39  17.3  3.25  7.38  3.41    0.39  1.58    0.67 
SCV 174  White  Op.  Trail on rim  62.4  4.55  16.7  3.03  7.48  3.34  0.16  0.37  1.01  0.11  0.83 
SCV 175  Red  Op.  Body  61.0  5.60  14.8  5.66  8.61  2.95    0.39    0.30  0.63 
SCV 175  Red  Op.  Decoration  61.5  5.61  14.6  5.69  8.62  2.86    0.35    0.21  0.63 
SCV 175  White  Op.  Decoration  62.4  4.50  14.4  5.44  8.08  2.66  0.12  0.31  0.87  0.22  0.97 
SCV 176  White  Op.  Body  68.3  1.19  14.6  1.61  8.57  3.57  0.34  0.22  0.80    0.78 
SCV 176  Aventurine  Transp.  Decoration  65.9  2.64  15.1  2.00  9.66  3.54    0.33    0.10  0.78 
SCV 176  Blue  Transp.  Decoration  75.7  1.64  14.1  2.82  3.11  1.05  0.13  0.15  0.55    0.75 
SCV 176  Red  Op.  Decoration  66.2  2.40  15.1  2.50  9.10  3.33    0.42    0.14  0.76 
V 66  Greyish‐green  Transp.  Body  59.2  7.75  17.2  4.19  6.02  2.81  0.16  0.37  0.90  0.20  1.17 
V 66  Red  Op.  Decoration  61.5  6.39  13.7  3.49  8.95  3.76  0.11  0.37  0.65  0.21  0.95 
V 66  White  Op.  Decoration  63.4  8.07  16.4  4.53  3.93  1.96    0.69    0.29  0.75 
V 67  Greenish yellow  Transp.  Body  54.8  7.91  19.4  1.87  4.75  6.67  0.07  0.82  0.89  0.67  2.17 
V 67  Blue  Transp.  Decoration  67.1  1.23  15.0  2.26  8.49  3.48  0.36  0.33  0.87    0.89 
V 67  Red  Op.  Decoration  64.7  1.42  15.3  2.56  10.2  3.54  0.26  0.33  0.73  0.11  0.92 
V 68  Light blue  Transp.  Body  60.0  3.92  13.5  5.88  11.4  3.05  0.09  0.37  0.47  0.30  0.92 
V 68  Red  Op.  Decoration  61.1  5.56  16.5  4.56  6.82  2.46  0.11  0.54  0.77  0.65  0.95 
V 68  White  Op.  Decoration  64.5  4.48  15.7  3.35  7.21  2.94    0.45    0.22  1.16 
V 74  Green  Transp.  Body  64.0  2.66  16.7  3.36  7.75  3.15  0.23  0.35  0.79    1.01 
V 74  Light blue  Transp.  Decoration  66.3  1.64  14.0  1.83  10.7  4.05    0.37    0.09  1.01 
V 74  Red  Op.  Decoration  66.5  1.54  13.9  2.02  10.6  3.99    0.38    0.10  1.03 
V 74  White  Op.  Decoration  67.9  1.10  15.3  2.20  7.94  3.60  0.17  0.35  0.79    0.66 
V 108  Blue  Transp.  Body  62.1  4.67  15.7  5.61  6.67  3.05  0.19  0.29  0.79  0.14  0.83 
V 108  Red  Op.  Decoration  61.3  4.50  15.4  5.57  7.41  3.71  0.21  0.32  0.66  0.17  0.75 
V 108  Turquoise blue  Transp.  Decoration  61.7  4.94  15.4  4.63  7.71  4.24    0.34    0.22  0.74 
V 108  White  Op.  Decoration  63.0  4.50  14.0  5.31  7.24  3.62  0.16  0.23  0.95  0.19  0.85 
Transp. = transparent; Op. = opaque. 
3.1 Colourants and opacifiers 
In  most  glasses,  the  different  colours  were  achieved  through  the  addition  of  colourants  and/or 
opacifiers  to  the  base  glass  batch  or  directly  into  the  melt.  In  a  few  cases,  the  colour  is  a 
consequence of using raw materials with a relatively high amount of iron impurities, combined with a 
partial decolouration process. 




The colour and opacity of white glass  is due to microcrystals dispersed  in  the glass matrix. For  this 
reason, besides EPMA, Raman microscopy was also used  in the study of these glasses to aid  in the 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intense  band  is  observed  at  ca.  474  cm‐1.  These  frequencies  are  almost  identical  to  the  signature 
  18 
Raman  bands  of  Ca2Sb2O7,  at  ca.  480  and  633  cm
‐1,  although  it  is  still  possible  to  distinguish  the 





metallic  lead and  tin and separating  the white calx  (mixture of  lead and  tin oxides)  formed on  the 
surface.  This  calx was  added  to  the  batch:  the  lead oxide  dissolved  in  the melt  and  crystals  of  tin 
oxide (cassiterite) precipitated within the glass matrix. [11] Variable amounts of lead (8.06‐29.2 wt%) 




Age,  Renaissance  and  Modern  times.  [11][23‐25]  It  was  the  preferred  opacifier  of  Roman 
glassmakers  but  for  some unclear  reason  its  use  declined  in  Late Antiquity  and  early Middle Ages 





Venice  in  the  first  half  of  17th  century,  the  antimony  opacifier  was  prepared  by  heating  soda  ash 







produced  by  nanocrystals  of metallic  copper  dispersed  in  the  glass matrix  as  well  as  by  dendritic 
crystals  of  cuprous  oxide.  Batch  composition  and  melting  conditions  are  the  key  parameters 
controlling  the  state  of  oxidation  of  copper.  Elements  as  iron,  lead,  antimony  and  tin  have  been 
suggested  to  act  as  reducing  agents.  [25‐28]  The eleven opaque  red glasses  analyzed  in  this  study 
contain CuO from 0.36 ‐ 1.25 wt% and Fe2O3 from 1.68 ‐ 6.10 wt%. The mean concentration of CuO is 
0.91 wt%  and  of  Fe2O3  is  3.89 wt%.  In  general  way,  the  amounts  of  CuO  and  Fe2O3  found  in  our 






are  also  present  in  other  transparent  colours,  as  for  instance  in  the  blue  and  green  glasses  of 
fragments  SCV  171  and  V  74, which  suggests  the  use  of  cullet  glass.  Comparison  of  compositions 
among the analyzed red glasses showed that the red glasses of fragments SCV 171, V 67 and V 74 are 
comparable and in fragment SCV 174 it was used the same red glass in the body and decoration, as 
well  as  in  fragment  SCV  175.  The  red  glass  of  fragment  SCV  176  contains  an  extraordinarily  high 
amount of manganese (1.49 wt%). The average content of this oxide in the other red glasses is 0.52 






to  reach  any  conclusion  using  the  available  analytical  techniques.  Crystallites  of  cuprite  (0.5‐1μm) 
were  recently  identified  in Roman opaque  red  glasses by Raman microscopy.  [24‐25]  In  this work, 





The  term  aventurine  refers  to  a  glass  with  a  sparkling  gold  aspect,  invented  by  the  Muranese 
glassmakers  in  the  first  half  of  the  17th  century,  according  to  Venetian  documents.  However 
aventurine  glass  is  already  present  in  a  Venetian  goblet  dating  from  the  second  half  of  the  16th 
century. [11] The characteristic golden sparkling effect results from the formation of small crystals of 
metallic  copper  during  the  very  slow  cooling  of  a melt  in  a  well  controlled  reducing  atmosphere. 
According to Weyl [29], the difference between opaque red and aventurine glasses lies on the size of 
the crystals of metallic copper: a few nm in opaque red glasses and up to 1 mm in aventurine.  
In  the analyzed Millefiori  fragments,  aventurine  is present  in  the decoration of  fragments SCV 173 












obtained by melting  the glass  in oxidizing conditions.  [29‐30] The presence of divalent  copper was 
confirmed  in  fragment  SCV  171  by  its  characteristic  broad  band  with  a  maximum  wavelength 
between  780  and  810  nm  in  the  UV‐Vis  absorption  spectrum  (Figure  3.3).  Quite  unusual  is  the 
content  of  copper  oxide  in  fragment  V  108  (4.03  wt%),  about  four  times more  than  the  amount 
detected on fragment SCV 171 (1.09 wt%). The explanation can be related with the thickness of the 
glass: if the glass is to be used in a very thin layer, a high quantity of colourant is required otherwise 








the  composition  of  four  of  the  seven  blue  glasses  analyzed.  It  is  interesting  to  note  that  it  was 
detected  in decoration glasses  in concentrations of 0.11, 0.43, 0.65 and 0.75 wt%. Contents higher 
than  0.10  wt%  rarely  appear  in  blown  blue  glass  [11]  but,  as  stated  earlier,  a  high  content  of 
colourant is required when the coloured glass is applied in a thin layer.  
In the bodies of fragments V 68 and V 108 the ion Co2+ was identified by means of UV‐Vis absorption 
spectroscopy (Figure 3.4)  through  its characteristic triple band at 540, 590 and 640 nm. [30]  In the 
glasses where  cobalt  is  present,  arsenic,  iron  and nickel were  also detected  in  small  amounts  (the 
presence of zinc, sought in the analysis, was not detected). These elements coexist with cobalt in the 
mineral added for colouring the blue glass. According to comparative studies performed by Gratuze 
[31‐32],  the  association  of  Co,  Fe,  Ni  and  As  indicates  that  the mineral  used  in  these  glasses was 
probably from the mines of Schneeberg, in Erzgebirge, Germany. 
 






The green  to yellow hues observed  in  the bodies of  fragments V 66, V 67 and V 74 may be called 
“natural  colours”,  as  colouration  is  produced  by  iron  involuntary  introduced  in  the  glass  through 
impurities present  in the raw materials,  instead of being deliberately added. The content of  iron  in 
these glasses ranges from 0.94 ‐ 2.15 wt% and the manganese concentration from 0.33 ‐ 1.39 wt%, 
which indicates that the final colour was the result of a partial decolouration. In a silicate glass, the 
ferric  ion,  Fe3+,  and  the  ferrous  ion,  Fe2+,  produce  yellow  and  light  blue  colours,  respectively.  The 
green  colour  is  obtained when  both  Fe2+  and  Fe3+  ions  are  present  in  the  glass.  The  ion  Fe3+  was 



















The blue glasses present  in  the decoration of  fragments  SCV 173 and SCV 176 can be  classified as 
cristallo glass due to their low concentration of CaO, MgO and P2O5 (Figure 3.6) and high content of 
SiO2 (Figure 3.7). These concentrations reveal that a purified ash and a source of silica of high purity 



























































The  plot  alumina  vs.  potassium oxide  (Figure  3.8)  suggests  that  there  is  a  linear  relation  between 
































As  previously  mentioned,  in  section  1.4,  the  content  of  alumina  in  Venetian  and  façon‐de‐Venise 
glasses is always below 2 wt%, except for the “Tuscany Barilla” and “Tuscany Levantine” groups. The 
red and aventurine glasses may show a slight higher content of this oxide because as iron had to be 
added  to  the  batch  the  use  of  a  less  pure  source  of  silica  was  irrelevant.  Thus,  according  to  the 
amounts  of  alumina  and  potassium  oxide,  the  glasses  included  in  the  low  alumina  group may  be 







The  fragments  included  in  the high alumina group – SCV 174, SCV 175, V 68 and V 108 – and very 
high alumina group – V 66 and V 67 body ‐ show a much higher amount of alumina when compared 
















and  decoration  of  ten  17th  century Millefiori  glass  fragments.  Some  relevant  conclusions  can  be 
drawn  from  the  obtained  compositions.  All  glasses  are  of  soda‐lime‐silica  type.  The  use  of  coastal 
plant ash is suggested by the relatively high content of MgO, K2O and P2O5, as well as by the presence 
of  chlorine.  Raman  microscopy  and  UV‐VIS  absorption  spectroscopy  were  also  used  as 
complementary  techniques  in  the  study  of  opacifiers  and  colourants,  which  allowed  the 





low  alumina  –  cristallo  (<  2  wt%  and  SiO2  >  70  wt%) medium  alumina  (2  ‐  3  wt%),  high  alumina           
(3 ‐ 6 wt%) and very high alumina (> 6 wt%). Comparison with genuine Venetian and façon‐de‐Venise 














SCV  176)  and  the  fragment  SCV  171 which  composition  is  comparable  to  Venetian  production  or 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